Railroad ballast is uniformly graded coarse aggregate placed between and immediately underneath the ties to provide drainage and structural support for the loading applied by trains. In the United States, several ballast gradation recommendations are suggested by the American Railway Engineering and Maintenance-of-Way Association (AREMA). Most of these recommended uniform gradations have somewhat wide ranges at their control sieves; this range often creates significantly different grain-size distributions within the same gradation band. In this analysis, AREMA No. 24 gradation was studied for controlled changes in grainsize distributions within its band. Gradations were created by using three control sieves within the AREMA No. 24 gradation band. In addition, to emphasize the significance of particle shape, three sets of particles having high-, medium-, and low-angularity indexes quantified by image analysis were also considered in the packing simulations carried out with an image-aided ballast aggregate assembly modeling approach with the discrete element method (DEM). The significance of passing each control sieve as well as the importance of particle angularity on number of contacts, coordination number (average number of contacts that one particle makes with its neighbors), and porosity was analyzed by using analyses of variance and regression in the DEM packing simulations. The results indicated that increasing the number of particles between ballast nominal maximum sieve size and its half size would increase the number of particle contacts created in the granular assembly. When the imaging-based angularity indexes of the aggregate particles increased, the number of contacts also increased to give a higher coordination number. The ballast DEM simulations proved to be a powerful tool to study and optimize ballast gradations.
Conventional ballasted railroad track consists of rails, fastening components, ties, ballast layer, and subgrade. In railroad track terminology, ties and track components above the ties are identified as superstructure. Layers below the ties are referred to as substructure. The ballast layer is constructed with uniformly graded coarse aggregates. The main functions of the ballast layer are distribution of train loads from superstructure to subgrade and provision of the required drainage for the track. The particle size distribution must be uniformly graded in order to have the higher void content that would eventually supply the necessary drainage function. Highly angular crushed aggregates are also desirable because of the superb interlock they provide. The aggregate interlock is very important because it offers lateral strength and the ability to cope with heavy train loads transmitted from the superstructure (1) . The coefficient of uniformity is the ratio of sieve sizes that are 60% and 10% by weight of particles passing during sieve analysis. Indraratna et al. state that the shear strength of ballast can be increased by moving to a slightly well-graded particle size distribution with a coefficient of uniformity between 2.3 and 2.6 (2). They claim that this gradation type would have more resistance to shear and still provide a sufficient amount of drainage.
Particle packing and morphological properties of spherical particles have been well investigated. Gu and Yang studied the effects of granular assembly packing on the shear modulus of granular materials by establishing the number of particle contacts and the coordination number, which is defined as the average number of contacts that one particle makes with its neighbors (3). They modeled twodimensional disks 2 mm in diameter with size discrepancies ranging from 0% to 1% and concluded that as gradation became less uniform by the increase in size discrepancies, the shear modulus of the granular assembly decreased. Gu and Yang also stated that the changes in gradation because of the size discrepancies did not change the void ratio but significantly affected the shear modulus; this finding indicates the importance of the number of contacts created in the granular assembly (3) . Moreover, they highlighted that increases in confining pressure increased the coordination number and number of contacts, which caused an increase in the elastic modulus.
Ueda et al. studied packing effects by using nine different gradations, all with an average particle size D 50 of 10 mm (4). It was found that for both well-compacted and loose granular assemblies, the coordination number decreased as the deviation from the uniformity in gradation increased. However, as the deviation increased, the void ratio generally decreased for loose granular assemblies and increased for well-compacted samples. Jia et al. also investigated the effect of gradation on three-dimensional sphere packing by analyzing the coordination number and porosity (5) . The three types of grain size distributions studied-mono size, bimodal, and Gaussianindicated that as a smaller particle fraction of the bimodal distribution and particle size deviation in the Gaussian distribution increased, the coordination number increased and the porosity decreased.
Al-Raoush captured the images of sand particles by using x-ray microtomography and modeled their grain size behavior by using spherical particle simulations (6) . Al-Raoush concluded that the microscopic contact and interaction behavior of sand particles and those simulated by spherical models were significantly different, possibly causing major discrepancies in the macroscopic behavior of granular materials. Azéma et al. also compared the packing of three-dimensional spherical particles with three-dimensional polyhedral particles sharing the same gradation properties (7) . Angular polyhedral particle shapes were created more realistically for crushed aggregate simulations based on the railroad ballast particle shape libraries of the French National Railways. The results revealed that polyhedral particles obtained higher coordination numbers and shear strength. Moreover, they compacted more under repeated loads.
Shear strength, modulus, and permanent deformation characteristics of crushed, angular aggregate over uncrushed rounded gravels have been well contrasted. Rao et al. conducted triaxial rapid shear tests on samples of rounded gravel, 100% crushed aggregates, and their 50-50 blend (8) . As expected, crushed aggregates resulted in higher friction angles than the 50-50 blend and the rounded gravel specimens. With an aggregate image analysis approach, Pan et al. quantified surface texture and angularity indexes of different coarse aggregate materials and successfully correlated the increases in resilient moduli of the tested samples with the higher average particle angularity and surface texture properties (9) . With the same imaging approach, Tutumluer and Pan further investigated the effects of aggregate angularity and surface texture properties on the shear strength and permanent deformation behavior of granular materials by blending crushed aggregates with uncrushed gravel in different percentages and conducting triaxial rapid shear and permanent deformation tests (10) . Interestingly, as the percentage of crushed particles increased (i.e., higher angularity and rougher texture) consistently, the tests produced higher shear strength and lower permanent deformation trends.
Huang (11) and Tutumluer et al. (12) compared the permanent deformation behavior of different American Railway Engineering and Maintenance-of-Way Association (AREMA) ballast gradations by using an image-aided modeling approach utilizing the discrete element method (DEM). They found that the AREMA No. 24 gradation in general performed better than other AREMA-specified gradations for minimizing ballast settlement in full-scale half-track DEM simulations with repeated loading of a single tie. In order to investigate the effects of imaging-based particle shape properties such as shear strength, lateral resistance, and permanent deformation on the mechanical behavior of the ballast granular assembly, Huang used particles with both high-and low-angularity indexes in the DEM simulations (11) . As the angularity of the ballast particles increased, both shear strength and lateral resistance increased.
Although Huang concluded that a mid-range AREMA No. 24 gradation and high-angularity particles improved the ballast layer's mechanical behavior, his research did not investigate the differences in AREMA No. 24 gradations within the allowed band and the effects of aggregate shape properties on particle packing and therefore optimized ballast gradations (11) . Findings are presented here from an ongoing ballast DEM modeling research effort at the University of Illinois on statistical analyses of railroad ballast aggregate packing influenced by changes in gradation and particle shape properties. Through the use of coordination number and number of contacts created in DEM simulations, the AREMA No. 24 gradation is targeted for detailed investigation.
Objective And ScOpe
The main objective of this study is to quantify how even small changes in ballast aggregate gradations and particle shape properties, such as number of crushed faces or angularity, would influence the particle packing of the ballast granular assembly. The methodology involves the use of aggregate image-aided ballast particle generation and establishment of a cubical domain to create ballast packing model simulations based on the DEM. To achieve the main objective, the primary focus was on several ballast gradations that fall within the AREMA No. 24 gradation band and three-dimensional polyhedral discrete ballast particles with low-, medium-, and highangularity categories quantified by image analysis. The DEM simulation results are statistically analyzed with the help of important packing properties (i.e., ballast assembly void space, number of particle contacts, and coordination number) to investigate the effects of (a) different gradations systematically varied through the use of the AREMA No. 24 gradation control sieves and (b) the low-, medium-, and high-particle angularity classes.
MethOdOlOgy
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The flatness and elongation ratio is the ratio of an aggregate particle's maximum to minimum dimensions. Angularity is the count of sharp corners and fractured or crushed sides. Standard methods to capture these properties such as ASTM D4791 for the flatness and elongation ratio and ASTM D5821 for angularity are not only time consuming but also subjective. To overcome these issues, the approach taken was to develop the University of Illinois aggregate image analyzer to quantify the flatness and elongation ratio, angularity index, and surface texture index, which are now recognized as extensively studied and validated indexes to represent the aggregate shape properties and their linkage to aggregate field performance (8, 13, 14) .
BLOKS3D is a DEM program that is capable of modeling threedimensional polyhedral particles as granular assemblies (11, (15) (16) (17) (18) (19) (20) . Ghaboussi and Barbosa established the fundamental principles and developed the original code for the BLOKS3D program (18). Nezami (16) and Zhao (17) later modified this program significantly and established new contact detection algorithms, which considerably improved the speed of the DEM simulations. These contact detection algorithms were called the fast common plane (19) and the shortest-link (20) methods. Moreover, Huang developed a method to create particle shape libraries for the BLOKS3D program by using aggregate particle images with their morphological properties, flatness and elongation ratio, angularity index, and surface texture index quantified by using the University of Illinois aggregate image analyzer (11). These particle libraries can be combined in DEM simulations to achieve target average angularity index and flatness and elongation ratio morphological properties within a granular ballast assembly.
deM Simulation Studied
A cubical domain with a side dimension of 0.46 m (18 in.) was used for all DEM simulations presented here. Target gradations of different-sized particles were created from particle shape libraries and used in the simulations. The three particle shape libraries used in the DEM simulations included a combination of four particles ( Figure 1 ) previously created by Huang (11). The individual particle morphological properties and the three shape libraries created by using these particles are presented in Table 1 . Each particle defined in the libraries had an equal chance of being picked up by the simulation program. Each library also contained cube-shaped particles limited to around 2.5% of all the particles in the simulation. The DEM simulation steps are as follows:
• Create approximately 1,500 particles for the intended target gradation and particle shape properties,
• Drop particles to the simulation ground in the cubical domain, • Delete all particles above an achieved height of 0.6 m (23.6 in.),
• Place a square 0.46-m compaction plate on top of the particles dropped,
• Apply 344.7 kPa (50 psi) normal pressure for compaction simulation (application time is approximately 6.74 s),
• Delete all particles above 0.5 m (19.6 in.) and continue the compaction simulation (application time is approximately 0.67 s), the compaction effort brings the total aggregate particle height to around 0.46 m, and
• Report the simulation count of number of contacts created between particles.
Only contacts between particles were counted. Any contact between compaction plate and rigid boundaries was subtracted from the total number of contacts. In order to properly apply compaction forces, no friction was assigned on the surfaces between particles, the compaction plate, and the rigid boundaries of the cubical domain throughout the simulation. Figure 2 presents a visual example of one of the DEM simulations. In the first and second steps (Figure 2, a and b) , the particles are initially dropped to establish a tall column, which is subsequently pushed down by the square compaction plate in the third and fourth steps (Figure 2, c and d) .
The study scope targeted AREMA-recommended ballast gradation No. 24 to provide the different gradations falling within the AREMA No. 24 gradation band. Table 2 gives the detailed lower limit and upper limit of the AREMA No. 24 gradation control sieve requirements.
In the DEM simulations different gradations were created by adjusting the percentage passing values of the following three control sieves: 63.5 mm (2.5 in.), 38.1 mm (1.5 in.), and 19 mm (¾ in.). Percentage passing the 12.5-mm (½-in.) sieve was kept constant at zero (0%) in all the simulations. Table 2 also shows the percentage passing values used to create the individual gradation curves, which were then studied for their effects on the ballast particle packing properties by using the DEM simulations. Figure 3 presents the individual grain size distributions studied to realistically represent possible new ballast gradations that may be received from a quarry source and satisfy the AREMA No. 24 gradation requirements. As shown in Figure 3 , a through c, only one control sieve percent passing value was changed at a time and the others were kept constant in the DEM simulations. Figure 3d shows all the gradations studied to indicate clearly how all the possible different gradations were covered within the AREMA No. 24 gradation band.
In total, a full factorial of 3 × 5 × 3 = 45 different individual curves falling within the AREMA No. 24 gradation band was created and analyzed in the DEM packing simulations. Only Library 1 (see Table 1 ) was used for all 45 individual curves with angular crushed stone particles (intermediate average angularity index = 509.5) simulated as the ballast material. Further, by using both Library 2 and Library 3 to study the effects of particle angularity (low or high) on the aggregate packing, a subset of five different curves was created: all 100% passing the 63.5-mm sieve, 0% passing the 19-mm sieve, and 25%, 30%, 40%, 50%, and 60% passing the 38.1-mm sieve (see Table 2 ). Also, simulations having the same gradation curves and the same library of particles were replicated five times to do a statistical evaluation of the simulation results. Accordingly, the results were analyzed by using statistical regression and analysis of variance (ANOVA) with commercial statistical software (22) .
deM SiMUlAtiOn ReSUltS
The three control sieve percent passing values (63.5 mm, 38.1 mm, and 19 mm) are considered independent variables. In order to analyze the individual effects of each control sieve on the number of contacts, coordination number, and void space or porosity, only the percent passing value of that control sieve was varied whereas the Tables 3 through 5 . If the ANOVA result was found to be significant, a coefficient of determination R 2 of the linear regression was reported. If no evidence of significance was found from the ANOVA regression, the results were simply not presented. All simulation results shown in Tables 3 through 5 were obtained by using Library 1 particle shapes (Table 1 ) unless indicated otherwise. To check the existence of linear regression, a lack-of-fit test was also performed and failure in that test was reported by placing the R 2 -value in parentheses. A failure in the lack-of-fit test indicates that a higher order of fit such as a quadratic is required for the model (23) . Moreover, normality and constant variance assumptions of residuals for ANOVA and regression were also checked (23) . Except for a few cases, the data sets commonly satisfied these assumptions. effect of 38.1-mm control Sieve Table 3 gives the ANOVA and regression test results for the significance of the 38.1-mm sieve passing values on the number of contacts, coordination number, and porosity properties. An increase in the number of particles passing the 38.1-mm sieve results in significant changes in both number of contacts and porosity. The R 2 -values for number of contacts versus 38.1-mm sieve passing were reasonable, and except for three cases the linear fit found was acceptable by the lack-of-fit test. The R 2 -values for porosity fits, however, were quite low. The effect of particles passing the 38.1-mm sieve on coordination number was found to be significant only in the first four data sets given in Table 3 . Moreover, the R 2 -values for the coordination number results that created a significant difference were somewhat low; this finding indicates a weak relationship. Figure 4a shows the significant increases in the number of particle contacts as the percentage of particles passing the 38.1-mm sieve increases. No particle smaller than 19 mm was included in the DEM simulations. Furthermore, the effects of different percentages of particles passing the 63.5-mm sieve can also be clearly seen in Figure 4a . As the large particles, those sized between 63.5 mm and 76.2 mm (3.0 in.), increase from 90% to 100% passing the 63.5-mm sieve, the number of contacts once again increases. Interestingly, the corresponding porosities of these samples presented in Figure 4b Note: x = not significant. Note: x = not significant. Table 4 gives the ANOVA and regression test results for the significance of the 19-mm (¾-in.) sieve passing values on the number of contacts, coordination number, and porosity properties. Any influence of particles passing the 19-mm sieve on the number of contacts created was either not significant or exhibited very poor correlation. The effect on porosity, however, was found to be always insignificant. Therefore, only the coordination number test results with the 19-mm control sieve passing values are presented in Figure 5 . Accordingly, the passing 38.1-mm sieve values were kept constant at 40% to clearly show in Figure 5 the typical decreasing trend of the coordination number with the increases in percentage of particles passing the 19-mm sieve. This negative impact on the coordination number was highlighted with relatively good R 2 -values obtained from the regression analyses (see Table 4 ). However, increases in particles passing the 63.5-mm sieve caused the coordination number to decrease and thus shifted the linear fit lines upward.
effect of 63.5-mm control Sieve Table 5 gives the ANOVA and regression test results for the significance of the 63.5-mm (2.5-in.) sieve passing values on the number of contacts, coordination number, and porosity properties. The changes in percent passing the 63.5-mm sieve significantly affected both the number of contacts and the coordination number created for all DEM simulations. The effect on porosity, however, was only found significant in six cases. Increases in the number of contacts and the coordination number by the increase in percent passing the 63.5-mm sieve sizes are highlighted in Figures 4a and 5 , respectively. The data shown in Table 5 therefore illustrate the significance of these large particle sizes as the percent passing the 63.5-mm sieve and further verify the consistency of the statistical analyses conducted on the DEM simulation results.
effect of Angularity Table 6 shows the statistical analysis results to capture the significance of particle angularity on the number of contacts, coordination number, and porosity properties. One-way analyses were conducted to compare the differences that particle angularities made on the results. Moreover, in order to see differences of each group, Tukey grouping letters were also reported. The same letters stand for the similarity of group means, and the different letters stand for significant differences between groups (23). The order of letters stands for Library 2 (angularity index = 600), Library 1 (angularity index = 509.5), and Library 3 (angularity index = 419) in the order of decreasing angularity index, respectively. As stated before, 63.5-mm and 19-mm sieve passing values were kept at 100% and 0%. The different percent passing values of the 38.1-mm sieve, however, are shown in separate rows in Table 6 . Nonparametric Kruskal-Wallis tests were also performed to confirm the results obtained from the ANOVA analyses in only a few cases where residuals were not normally distributed (23) . No significant changes were reported in the number of total particles and the porosity. However, major differences were found in the number of contacts and the coordination number of the granular assemblies. Figure 6 uses box plots for the number of contacts and the coordination number, respectively. As the angularity of the particles increases, the coordination number also increases because a larger number of contacts is created. These results agree with the previous findings of Azéma et al. (7) .
AnAlySeS Of ReSUltS
The statistical data presented in the previous section clearly show that the control sieve percent passing values had different effects on the number of contacts, coordination number, and porosity properties, and hence the particle packing arrangements, created in the DEM simulations. With increases in the percent passing values of the first two control sieves, 63.5 mm and 38.1 mm, significant increases in the number of contacts were created in the granular assembly. This trend can simply be explained by the larger number of particles created. That is to say, if smaller particles were used to fill the cubical domain of the DEM simulations, there would be more particles in the granular assembly and therefore more particle contacts. This consistent trend, however, was not seen when the percent passing amounts of the 19-mm sieve increased. Increases in the percent passing the 19-mm sieve did not make significant changes in porosity. This finding indicates that the particles were not small enough to fill the voids created by larger particles. Vavrik et al. defined these particles as interceptors, the particles between half sieve and primary control sieve (24) . The primary control sieve was described as the sieve size in which smaller particles filled the voids created by larger particles. The half sieve was defined as the half size of the nominal maximum particle size, which was the first sieve above the sieve that retained more than 10% of the particles. In the AREMA No. 24 gradation, the nominal maximum particle size is 63.5 mm; the half sieve is the sieve smaller than 31.5 mm (1¼ in.), which is 19 mm; and the primary control sieve is the 12.7-mm (½-in.) sieve size. Those particles smaller than the 19-mm sieve size were considered as interceptors in the DEM simulations. Increases of these interceptors simply created a disruption in the large particle skeleton when these large particles were separated. The coordination number decreased with the increase in interceptors; this change verified such a disruption in the large particle skeleton. However, both the coordination number and the number of contacts increased with the increasing percent passing amounts of the first control sieve. These findings clearly demonstrate the importance of increasing particles between nominal maximum particle size and half sieve while limiting particles over the nominal maximum particle size and particles between the half sieve and the primary control sieve.
As stated earlier, one of the crucial functions of railroad ballast is its drainage ability. In order to provide proper drainage, larger air void contents or porosities need to be maintained in the ballast layer. Increases in the percentages passing the 63.5-mm and 38.1-mm sieves were highlighted from the DEM simulations to have statistically significant effects on porosity. However, the sample porosities created were usually over 40% for typical new, clean ballast gradations simulated in this study. Any increase in smaller particles considered in the simulation cases would not affect drainage of the ballast layer significantly.
As expected, changes in particle angularity, quantified by low, intermediate, and high values of imaging-based angularity index, did not affect the number of particles created in the DEM simulations. However, they significantly increased the coordination number eventually reflected in the number of contacts created. These findings clearly show the importance of aggregate angularity in affecting the particle packing and hence influencing the mechanical behavior of the ballast layer. The use of 100% crushed angular particles over the rounded ones has been well investigated in the laboratory to improve shear strength, resilient modulus, and permanent deformation characteristics of granular materials. More angular aggregates provide higher shear strength properties and increased resistance to settlement by their superior interlock and frictional properties (8) (9) (10) (11) . The results of the DEM simulations further verified the mechanism of this superior interlock by angular particles through their higher coordination numbers and greater number of particle contacts. A higher number of contacts would provide better load distribution through increased density and particle packing and therefore lower wheel load stresses and particle-to-particle contact stress concentrations under wheel loading to eventually reduce ballast degradation and breakdown. The ballast DEM simulations have proved to be a powerful tool to study and optimize ballast gradations.
SUMMARy And cOnclUSiOnS
A numerical investigation is presented of the effects of different ballast aggregate gradations, all falling within the AREMA No. 24 gradation band, as well as changes in particle angularities (i.e., rounded, subangular versus angular), on granular assembly packing orders.
The methodology involved the use of aggregate image-aided ballast particle shape generation and establishment of a cubical domain to create ballast packing model DEM simulations. The DEM simulation results were statistically analyzed (the same gradation curves and the same library of particles were replicated five times) with the help of important packing properties: ballast assembly void space, number of particle contacts, and coordination number (the average number of contacts that one particle makes with its neighbors). Important findings are summarized as follows:
• Of the three control sieves varied within the AREMA No. 24 gradation band for generating gradation curves with slightly different percentage passing values, only the 63.5-mm and 38.1-mm sieves but not the 19-mm sieve caused significant increases in the number of particle contacts created in the DEM packing simulations. To increase the number of contacts, and therefore the coordination number, in a new ballast layer, the number of aggregate particles with sizes between the nominal maximum sieve and its half-size sieve should be increased.
• Increases in the percentage passing the 19-mm sieve did not make significant changes in porosity. This finding indicates that the particles were not small enough to fill the voids created by larger particles.
• For the same gradations, high-angularity particles resulted in larger coordination numbers and thus created a greater number of contacts. This finding is in line with their expected superior shear strength and permanent deformation characteristics over those of rounded particles.
• Finally, the ballast DEM simulations have proved to be a powerful tool to study and optimize ballast gradations.
